We have identified a second isoform of the catalytic A subunit of the vacuolar HI pump in chicken osteoclasts. In this isoform (A2) a 72-bp cassette replaces a 90-bp cassette present in the classical Al isoform. The Alspecific cassette encodes a region of the protein that contains one of the three ATP-binding consensus sequences (the Ploop) identified in this polypeptide, as well as the pharmacologically relevant Cys254. In contrast, the A2-specific cassette does not contain any of these features. These two isoforms, which appear to be ubiquitously expressed, are encoded by a single gene and are generated by alternative splicing of two mutually exclusive exons. The alternative RNA processing involves the recognition of a single site, the boundary between the A2-and Al-specific exons, as either acceptor (in Al) or donor (in A2) splice site.
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Vacuolar H+-ATPases (V-ATPases) are a family of enzymes involved in generating HI gradients (1, 2) . V-ATPases are found in all eukaryotic cells, where they are responsible for acidification of intracellular organelles including lysosomes, endosomes, the Golgi apparatus, secretory vesicles, and clathrin-coated vesicles, as well as plant and fungal vacuoles. They are also located in the apical membrane of cells specialized in HI secretion, such as osteoclasts (OCs), kidney intercalated cells, and insect midgut (3) (4) (5) . It has been suggested that V-ATPases are also present in the plasma membrane of macrophages and neutrophils, where they could play a role in cytoplasmic pH regulation (6) . In bone, the OC V-ATPases are responsible for acidification of the resorbing compartment, a process required for bone resorption and involved in the growth, remodeling, and repair of the skeleton and in Ca2+ homeostasis. These V-ATPases are polarized to the apical ruffled-border membrane of the OC (5, 7, 8) .
V-ATPases are multisubunit complexes with two distinct domains: a peripherally associated catalytic sector (V1) and a membrane-spanning HI channel (VO). The peripheral Vl domain is composed of three copies of each of the A and B catalytic subunits, plus one copy of each of four accessory peptides (C-F). The A subunit contains the catalytic ATP binding site, while the B subunit, which binds but does not hydrolyze ATP, is thought to play a regulatory role. The integral VO domain contains the HI conducting channel, formed by six copies of a 17-kDa proteolipid, plus one copy of a set of three to four accessory subunits (9) . The genes encoding most of these subunits have been cloned from a wide variety of mammalian, insect, plant, and fungal cells, and sequence analysis shows that they are highly conserved in evolution (10, 11) . In yeast, disruption of any of the known genes that encode the V-ATPase subunits leads to conditional lethality (12, 13) .
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Although the V-ATPases which are located in all the intracellular organelles and/or in the plasma membrane are similar, it is clear that cells can differentially target these enzymes and regulate the pH of the various intracellular compartments and luminal spaces. The mechanism(s) by which this is accomplished remains unclear, but several hypotheses have been proposed-most prominently, the putative existence of organelle-or cell-specific isoforms of particular V-ATPase subunits. Thus, the specific assembly of different isoforms of some of the subunits could allow differential targeting and/or regulation of cell-, organelle-, or membrane domain-specific V-ATPases. Indeed, two isoforms of the B (14, 15) , E (16), 100-kDa (17) , and 17-kDa (18) subunits have been reported. In addition, immunochemical data from our laboratory suggest the existence of two isoforms of the A and B subunits in chicken OC-derived vesicles, which also showed a unique pharmacological profile (8) and different catalytic properties than the kidney enzyme (19) . We report the cloning and characterization of a second isoform of the catalytic A subunit generated by alternative splicing. This alternative RNA processing involves selective expression (classical isoform) or exclusion (second isoform) of an ATP-binding consensus sequence. § MATERIALS AND METHODS Isolation and Sequencing of cDNAs Encoding the Catalytic A Subunit. We have screened by plaque hybridization an oligo(dT)-primed AZAP (Stratagene) library from chicken OCs purified by immunomagnetic procedures (20) . We used as a probe a 580-bp PCR fragment from the bovine A-subunit cDNA (a gift from G. Dean) encompassing nt 890-1470, which represents a sequence very highly conserved among species (21) . Plaque lifts were prepared and screened by standard procedures (22) . Plasmids containing positive inserts were in vivo excised by coinfection of Escherichia coli SURE cells (Stratagene) with R408 helper phage. Double-stranded cDNA was sequenced (23) with a Sequenase kit (United States Biochemical) using both universal and site-specific oligonucleotides as primers. Several partial overlapping clones were isolated; none of them contained the 5' sequence of the open reading frame. The two longest clones were called OC1 and OC6.
PCR Amplification of cDNA 5' Ends. To obtain the remainder of the 5' sequence of the two cDNA clones, poly(A)+ RNA isolated from bone marrow cultures treated with vitamin D3 was subjected to anchored PCR with a 5' RACE (rapid amplification of cDNA ends) kit (GIBCO/BRL). Vitamin D3 Cloning of a Genomic Fragment Containing the OCl-and OC6-Specific Sequences. An aliquot of 50 ng of chicken genomic DNA (Clontech) was used as template for PCR. After the sample was boiled for 10 min, PCR was performed with a set of sense (COM-1) and antisense (COM-2) oligonucleotide primers corresponding to the common sequences on either side of the OCl-and OC6-specific sequences. PCR was carried out as described above; after the last cycle, an elongation step (72°C) was allowed to proceed for 10 min. The PCR products were electrophoresed in a 1% agarose gel, transferred to a nylon membrane, and sequentially hybridized with two [.y-32P]ATP-end-labeled oligonucleotides specific for either the OC1 (PCR-1) or the OC6 (PCR-2) cDNA. A fragment of about 900 bp crossreacted with both probes and no further positive bands were detected. This fragment was subcloned in pCR II and sequenced as described above.
Tissue Expression of OC1 and OC6 RNAs. Samples (100 ng) of total RNA from various tissues of hens fed a calciumdeficient diet were reverse transcribed with the RT-2 primer.
The first-strand cDNA was subjected to PCR using the COM-1 and COM-2 primers. The PCR products were fractionated in a high-percentage agarose gel and transferred as described above. Blots were sequentially hybridized with the PCR-1 and PCR-2 primers.
Primers. RT-1, 5'-GAGAGAGACTGCGAGATCAC-3';
RESULTS
Isolation date, whereas the rest of the sequence was identical in both clones. These data suggest that while OC1 encodes the chicken homolog of the A subunit already described in several other species (Al), OC6 may encode a second isoform of this polypeptide (A2).
Since none of the clones isolated from the cDNA library contained the 5' sequences of the open reading frame upstream of the specific cassettes, these sequences were obtained by anchored PCR of OCL cell poly(A)+ RNA with antisense PCR primers specific for either the OC1 or the OC6 clone. A 900-bp fragment containing part of the OCl-specific sequence as well as the initiating methionine codon and 110 bp of the 5' untranslated region was amplified in the OC1 reaction. The expected 700-bp fragment containing most of the OC6-specific sequence, the initiating methionine codon, and a short 5' untranslated sequence was obtained in the OC6 amplification. Upstream of the specific cassettes both 5' PCR fragments were identical. The full-length sequences of the two cDNAs were obtained by overlapping the two specific 5' PCR fragments with the OC1 and OC6 inserts. Fig. 1 shows a comparison of partial nucleotide sequences of both clones in the region of the specific cassettes, as well as a comparison of their entire predicted amino acid sequences. These data indicate the presence of two mRNAs encoding the A subunit of the V-ATPase in chicken OCs.
To address whether both cDNAs were encoded by a single gene or whether they were the products of two different genes, chicken genomic DNA digested with several restriction enzymes was analyzed by Southern blot hybridization with three overlapping probes which encompassed the whole open reading frame of the OC1 clone (Fig. 2) . Single crossreacting bands were detected by probe A in the HindIII digest, by probe B in the Pst I digest, and by probe C in the EcoRI and HindIII digests. Two bands, one markedly more intense, crossreacted with probe B in the EcoRI and HindIII digests. Multiple bands of equal and often weak intensity were detected only by probe C in the Pst I digest, as expected since this probe contains a Pst I site, and by probe A in the EcoRI and Pst I digests, possibly reflecting the presence of these restriction sites in intronic sequences. These results are consistent with, but do not prove, the existence of a single gene encoding the A subunit of the chicken V-ATPase, as previously reported in other species (26) (27) (28) . Northern blot analysis of chicken OCL cells detected a single mRNA of 4.2 kb (data not shown), as described in other species (27, 28) . As discussed below, these data do not rule out the possibility that there are more than one mRNA species but with a similar molecular size.
Cloning of a Genomic Fragment Containing the OCl-and OC6-Specific Sequences. To clearly establish the origin of the two cDNAs encoding the A subunit, chicken genomic DNA was used as template for PCR with primers COM-1 and COM-2, which lie in the common 5' and 3' boundaries of the OC1 and OC6 clones. A single PCR fragment of about 900 bp crossreacted with probes specific for both the OC1 and OC6 clones, with no additional positive fragments detected. The sequence of this fragment, which contains a single intron, is shown in Fig. 3A . Two sequences closely matching the consensus motif for a 5' splice site (5'-MAĜ A GURGAGU-3', where the arrow marks the cleavage site) are present: the first (dl) at the boundary between the 5' common exon and the intron, and the second (d2) at the boundary of the two exons encoding the isoform-specific sequences (A2/A1). The 5' splice-site consensus motif is the only sequence element involved in the definition of the donor splice site identified so far. Three sequences closely matching the 3' splice-site consensus (5'-YAG G-3') were also present, the first (al) between the 3' end of the intron and the A2-specific exon, the second (a2) at the boundary between the two specific exons, and the third (a3) between the Al-specific exon and the 3' common exon. The definition of the acceptor splice site does not involve only the 3' splice-site consensus sequence, but also an upstream polypyrimidine tract and a loosely defined branch point (29) . For the first (al) and second (a2) acceptor sites, polypyrimidine tracts were also detected. Interestingly, the boundary between the two specific cassettes contains 5' (d2) and 3' (a2) Proc. Natl. Acad. Sci. USA 92 (1995) (Fig. 3B) .
Tissue Expression of OCI and OC6 mRNAs. To analyze the tissue distribution of the mRNAs encoding the two isoforms, total RNA samples purified from various chicken tissues were subjected to reverse transcription-PCR using the COM-l and COM-2 primers. Two PCR fragments of 132 bp (Al) and 114 bp (A2) should be detected in tissues that contain mRNAs for both isoforms. To resolve these two fragments, PCR products were electrophoresed in high-percentage agarose gels (Fig.  4A) . Two PCR fragments of the expected sizes were detected in all the tissues analyzed, suggesting that the two messages are ubiquitously expressed. In Southern blots, the larger PCR fragment hybridized with an oligonucleotide specific for the classical Al cDNA (Fig. 4B) , while the smaller one hybridized with an oligonucleotide specific for A2 cDNA (Fig. 4C) , further confirming the identity of the two PCR products. Since neither probe detected fragments of a larger size, indicating that no mRNA contains both specific sequences, we conclude that the two specific cassettes are spliced in a mutually exclusively manner. DISCUSSION V-ATPases are responsible for acidification of several intracellular compartments and some luminal spaces and provide the protonmotive force for multiple secondary transport processes. A key question that remains unanswered is how such a highly conserved enzyme can be specifically targeted to and differentially regulated in so many different compartments. One of the proposed mechanisms implies the presence of organelle-or cell-specific isoforms of some of the subunits, which would provide diversity within the V-ATPase family. In support of this concept, two isoforms of the integral 100-kDa (17) and 17-kDa (18) subunits, as well as of the regulatory B (14, 15) and peripheral E (16) subunits have been identified. Our laboratory reported immunochemical and pharmacological (8) as well as catalytic differences (19) between VATPases from various cell types; whether or not these differences are due to diversity in isoform composition of the enzymatic complexes remains unknown.
From genomic DNA analysis, the V-ATPase A subunit has been previously reported to be encoded by a single gene in all the animals and microorganisms studied. In contrast, the presence of multiple genes encoding this subunit has been suggested in plants (30, 31) . These data, together with the reports of a single mRNA, has led to the conclusion that there is a single isoform of this subunit (26-28, 32, 33) . In this paper we report the isolation of two cDNAs that encode the catalytic A subunit of the V-ATPase in chicken OCs. One clone encodes the classical A isoform, as already described in several other species (Al), while the other clone encodes a second isoform (A2). Each clone contains a short specific and totally unrelated sequence (90 bp vs. 72 bp, respectively), whereas the rest of the sequences are identical. Since these two A isoforms differ in length by only 18 bp, the detection of the corresponding mRNA species by standard Northern blot analysis was not possible, and high-percentage agarose gels were required to resolve two PCR fragments reflecting the presence of the corresponding mRNAs.
The cloning of a genomic DNA fragment containing the exons encoding both specific cassettes, together with the detection of two mRNAs by reverse transcription-PCR, allowed us to understand the molecular origin of these two isoforms. We found that the two specific exons (Al and A2) as well as the 3' common exon were directly connected, without intervening intronic sequences (Fig. 3) . This finding does not reflect partial processing of the pre-mRNA but instead corresponds to the real structure of the gene. In fact, from the genomic DNA sequence, three acceptor splice sites, two of them containing polypyrimidine tracts, and one donor splice site were identified at the boundaries between the three consecutive exons. Similar cases of internal donor or acceptor sites located within potential RNA coding sequences have been described in viral translation units (34) and in eukaryotic genes (35, 36) . The processing of the mRNAs encoding the two isoforms involves the selection of two mutually exclusive acceptor sites (Fig. 3B) . If the first acceptor site (al) is selected, the splicing machinery will recognize the downstream A2/Al boundary as a donor site (d2), since this sequence contains an almost perfect donor motif, thereby splicing out the classical Al-specific exon; then, the boundary between the Al-specific exon and the 3' common exon will be recognized as acceptor site (a3); this mRNA will encode the A2 isoform. However, if the second acceptor site (a2) is selected, the A2 exon is spliced out, and the resulting mRNA will encode the classical Al isoform. Interestingly, the processing of the Al mRNA involves the recognition of the boundary between the A2-and Al-specific cassettes as an acceptor splice site (a2), while this same sequence behaves as a donor splice site (d2) in the processing that generates the A2 mRNA. This observation is supported by the identification at the A2/Al boundary of both a highly conserved 5' splice motif and a highly conserved 3' splice consensus sequence associated with the upstream polypyrimidine tract. To our knowledge, this is the first report of a single site that behaves as both a 5' and 3' splice site.
Proc. Natl. Acad. Sci. USA 92 (1995) 6091 Although the functional implications of the presence of a second isoform of the V-ATPase A subunit are not clear, it is likely that this isoform exhibits different catalytic properties than the classical isoform. The 90-bp Al exon (specific for the classical isoform) encodes a portion of the protein that displays two critically important features. First, it contains the P-loop, one of the three ATP-binding consensus sequences [GXXXXGK(T/S)] that are conserved in all the V-ATPases identified so far, which has been identified in many ATPbinding proteins (37) . In the Al isoform that we have identified as well as in all the A subunits previously described, the P-loop sequence is GAFGCGKT. It has been reported that the conserved lysine is involved in hydrogen bonding to the 3 and ,y phosphates of the bound nucleotide and that the following serine/threonine coordinates Mg2+ (38) . The second feature of the 90-bp Al exon is that it contains a cysteine at position 254. This Cys254 has been identified as the residue responsible for the specific N-ethylmaleimide sensitivity of the coatedvesicle V-ATPases (39) . Strikingly, the 72-bp A2 exon (which replaces the 90-bp Al exon in the A2 isoform) contains neither a P-loop motif nor a cysteine residue that could substitute for Cys254. Nevertheless, there are ATP-binding proteins, such as the Na+,K+-ATPase and some glycolytic kinases, in which the ATP-binding lysine is not located within a P-loop motif (37, 40) . On the other hand, it is known that the nucleotide-binding domain of the V-ATPase A subunit involves not only the P-loop motif but also two other downstream sequences, GER and YFRD (41) , which we found to be conserved in the A2 isoform (Fig. IB) . One can therefore speculate that the removal of the P-loop leads to a decrease in the affinity for ATP rather than a total loss of enzymatic activity. Since the catalytic sector of the V-ATPases contains three copies of the A subunit, several enzymatic complexes with different Al/A2 stoichiometry could theoretically be assembled and lead to ATPases with different catalytic and/or targeting properties.
Finally, the fact that we found the mRNAs encoding both isoforms in all tissues analyzed does not necessarily mean that both isoforms are present in the same cellular population or subcellular compartment. Indeed, alternative RNA processing is often used to regulate the distribution of proteins among subcellular compartments (42) . These two isoforms may therefore differ in their cellular and/or intracellular localization and could provide molecular support for the specific regulation of HI transport in different cells and/or in different intracellular organelles.
